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ABSTRACT 
The practical exteizsion of low-noise traveling-wave tube amplifiers in K- and Ka- 
bands has been demonstrated. Also, a 40 to 75 GHz low-noise anlplifier has pro- 
gressed sufficiently in developmeilt to clearly indicate the feasibility of such a device 
wit11 some additional effort. 
Two K-band amplifiers (18.0 to 26.5 GHz) in an 18 po~uld, 4-1/2 inch diameter,  12 
iilch package have bee11 delivered with a maxinlun~ noise figure of l e s s  t l~an  11 dB. 
Two Ka-band amplifiers (26. 5 to 40.0 GHz) in a 25 po~uld, 5.1 x 7. 5 x 12.2 inch 
package have been delivered. One amplifier has a maximum noise figure of 15.4 
dB, but is under 15 dB over al l  but the last 1 GHz of bandwidth. The secoild deliv- 
ered  amplifier is under 15 dB ac ross  al l  of Ka-band. 
Progress on tlie 40. 0 to 75. 0 GHz amplifier demoilstrated coupler, cold test ,  and 
beam t ransn~iss ion  data without ally R F  performance data. This program had to be 
curtailed due to lack of funds. However, a significant portioil of the fabrication and 
design details have been completed. 
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SECTION I 
INTRODUCTION 
Description of Report 
This repor t  descr ibes  a program to design, develop and deliver a quantity of per- 
manent magnet focused traveling-wave amplifiers with self-contained power supplies 
covering the 18 GHz to 75 GHz frequency ranges in three separate  bands: 18 t o  
26. 5 GHz, 26.5 to 40 GHz, and 40 to 75 GHz. The amplifiers a r e  to operate with a 
115 volts, 60 Hz input. 
The r epor t  i s  divided into four major  sections : 
1. Description of the Amplifiers 
2. Design Considerations 
3. Engineering Developnient 
4. Recommendations and Conclusions 
Historical Review 
This review describes  the developnient effort to obtain the three niodel low-noise 
amplifiers.  
1. Program Objective. The program had a s  i ts  objective TWT aniplifiers which 
had the performance character is t ics  shown in Table I. 
2. Period of Effort. The development program was begun on 19  May 1967 and 
conipleted with the delivery of the second Ka-band aniplifier on 22 November 1968 - 
a period of 18 months. 
3.  Summary of Performance Results.  Two K-band aniplifiers were delivered in  
November 1967 and two Ka-band units were delivered by November 1968. 
TABLE I 
Summary of Performance Requirements and Results Achieved* 
Characteristic 
Performance 
Frequency Range 18.0 - 26.5 GHz 18.0 - 26.5 GHz 26.5 - 40.0 GHz 26.5 - 40.0 GHz 40.0 - 75.0 GHz 
Noise Figure 11.0 dB maximum 10.2 dB maximum 
Small Signal Gain 25 dB minimum 26 dB minimum 25 dB minimum 25.4 dB minimum 25 dB minimum 
3.1 dBm minimum 0 dBm minimum 9.1 dBm minimum 0 dBm minimum 
*Except where noted, performance l imits  a r e  worst case l imits  of delivered amplifiers. 
**Amplifier S/N 50; the maximum noise figure of amplifier S/N 31 i s  15.4 dB. 
The K-band unit, designated the WJ-393-6, i s  shown in Figure 1. Both units met  
a l l  of the performance requirements with more  than adequate margin. Amplifier 
s/N 34 has a noise figure of 1 0 . 2  dB maximum with l e s s  than 9 . 5  dB over more  than 
50 percent of the frequency range. Amplifier S/N 37 has a noise figure of 9. 8 dB  
maximum with less than 9 . 0  d B  over the range f rom 18. 5 to 25. 5 GHz. 
The Ka-band unit ,  designated the WJ-338, i s  shown in Figure 2. With the exception 
of noise figure,  both units met  the performance requirements with adequate margin.  
Amplifier S/N 31  has a noise figure of 15 .4  dB maximum with l e s s  than 14.4 d B  over 
the frequency range 26. 5 to 37. 0 GHz. Amplifier S/N 50 has an  in-specification 
noise figure of 13 .9  d B  maximum with l e s s  than 13 .5  dB  over the range f rom 28.0 to 
33. 0 GHz. Both units demonstrate grea te r  than 9 dBm saturation power output with 
a s  much a s  13 to 14 dBm a t  the low end of the frequency range. 
Table I shows a summary  of the performance resu l t s  achieved with the delivered 
units. 
Development of the extended V-band amplifier covering the frequency range from 
40. 0 to 75. 0 GHz was not completed due to limitation of funds. Mechanical models 
and beam t e s t  models were designed and fabricated; but no R F  performance data  
was obtained pr ior  to completion of the program. 
Fig. 1 - The WJ-393-6, K-band low noise amplifier with integral power supply has a demonstrated noise figure 
less than 11 dB over the frequency range from 18.0 - 26.5 GHz. 
Fig, 2 - Photograph of the recently developed WJ-338 Ka-band low-noise amplifier with integral power supply, 
which has a demonstrated noise figure of 14 dB over the frequency range from 26.5 to 40.0 GBz. 
SECTION 11 
DESCRIPTION OF THE AMPLIFIERS 
The amplifiers developed during the program a r e  low-noise, permanent-magnet 
focused traveling-wave amplifiers with integral power supply. The packages in- 
clude magnet shielding so that performance is  not adversely affected by adjacent 
PM tubes o r  ferromagnetic material. The integral power supplies a r e  factory set 
for optimum performance and operate off any 115 & l o  V, 48 to 420 GHz ac source. 
All components a r e  regulated o r  compensated for full specification performance 
over the source ranges. 
K-Band Amplifier 
1. Performance Characteristics.  Two WJ-393-6 amplifiers were delivered during 
the program. Both units met the specification requirements. 
As shown by the final tes t  data of these amplifiers in Figures 3 and 4, both units 
have greater  than 26.0 dB small signal gain, and 3 . 1  dBm saturation power out- 
put and l e s s  than 10.2 dB noise figure. One unit (S/N 37) demonstrates a maxi- 
mum noise figure of 8.2 dB over the frequency range from 19.'0 GHz to 23. 0 GHz. 
The data of Figures 3 and 4 is  plotted in Figure 5. 
2. Physical Configuration. The development of the WJ-393-6 consisted of improving 
an existing Watkins-Johnson product, the WJ-393, which has a guaranteed noise 
figure of 13 dB. As a result,  few changes were required to the physical config- 
uration of the amplifier. 
The outline drawing of the WJ-393-6 i s  shown in Figure 6 which gives the perti- 
nent dimensions. The amplifier weighs l e s s  than 18 pounds with a maximum 
length of 13. 75 inches including connectors and a maximum height of 4. 75 inches. 
Figure 7 shows a cut-away representation of the amplifier package. 
The traveling-wave tube consisting of a multi-anode low-noise gun and helix 
circuit supported in a glass envelop i s  focused in a shielded permanent magnet. 
R F  couplers to the helix a r e  coaxial cables with coaxial to waveguide adapters 
a t  the end surface of the amplifier. The solid-state power supply i s  mounted on 
the RF  end cap of the package with the RFI filters mounted a t  the other end. 
e l e c t r o n  d e v ~ c e s  
e l e c t r o n ~ c  s y s t e m s  
FINAL DATA Sl lEET 
LOW-NOISE TWT AMPLIFIER 
The ciati1 u s  recorded below is the I-csult of tests  performed by our test department just prior to 
shipment of th is  tube, and is provided a s  a special service  to our customers.  
Tube Type =- Serla! No. 34 
VSWR Maximum 
* Noise Figure is ae read with all type #07053 
Tube Requirements Noise oource and Wewlett Packard H21-340B 
Noias Figure Meter. 
Input Current: 1 5 6 - 1 5 8  mA 
Input Power: 4 . 5 - 5 . 5  l4 atts 
'l'ccjted by : Date : 
2323  Hll lv law Avanuo Stanford Industrial Park Palo Alto. California DAvenport 6-8830 
Fig. 3 - Final Data Sheet of the WJ-393-6 s/N 34. 
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e l e c t r o n  d e v ~ c e s  
e l e c t r o n ~ c  s y s t e m s  
FINAL D A T A  SIIEET 
LOW-NOISE TWT AMPLIFIER 
'I he data ae recorded  below iti thc result  of t e s t s  performed by our t e s t  department ju6t pr ior  to  
t;hipment of th i s  tube,  and i s  provided a s  a spec ia l  s e r v i c e  to our c u s t o m e r s .  
rube Type- WJ 393-6 
--- - 
Noise Figure, is as read, with AIL type 
do7053  (wi th  Bendix Bulb #TD81) 5 H e w l s t t  
Packard H21 340 B Noise Figure Mster 
Input Voltage:  105-125 v agerial  1 345, 
~ n p u t  Current:  115-120 m A 
--
Input Power: 
Date: 20  November 1 9 6 7  
- 
3393 Kil lview Avenue  Siariiord industrial Park Palo A!to,  C~il l fornia L?Avonpor! 6-13830 
Fig. 4 - Final Data Sheet of the WJ-393-6 §/N 37. 
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Fig. 6 - Outline drawing of the WJ-393-6, K-band low-noise amplifier. 

3. Summary of TWT Design Parameters .  The WJ-393 family of TWT's a r e  low-noise 
tubes which utilize an oxide coated, hollow beam cathode, a multi-anode electron 
gun, low loss helix structure, and low loss glass construction. The permanent 
magnet used to form the electron beam has a peak field in the cathode region of 
1300 to 1500 gauss with a field of 700 gauss in the helix region. 
Table I1 shows a detailed summary of the important design parameters of the tube. 
Ka-Band Amplifier 
1 .  Performance Characteristics.  Two WJ-338 amplifiers were delivered during the 
program. One unit met all specification requirements; and one unit met all speci- 
fication requirements with the exception of noise figure. Final tabulated tes t  data 
for these amplifiers a r e  shown in Figures 8 and 9. Figure 10 presents the data in 
graphic form. Both units have grea ter  than 25.4 dB small signal gain and 9 dBn1 
of saturated power output with a s  much as  14. 9 dBm for one unit a t  the low end of 
the frequency range. As shown by the continuous small signal gain plots of Figures 
11 and 12, typical gain flatness is  within 6 dB and fine grain variation within 
* O .  5 dB over most of the frequency band. At the low end of the frequency, fine 
grain variation i s  typically l e s s  than *l. 0 dB although S/N 50 exceeded this value. 
2 .  Physical Configuration 
The WJ-338 represents a new development in the state-of-the-art low-noise TWT 
amplifier for Ka-band requiring a change in packaging techniques from our standard 
permanent magnet configuration as  shown in Figures 6 and 7. This i s  due, pri- 
marily, to the power supply requirements. 
Figure 13  illustrates the WJ-338's iniportant dimensions. The amplifier is  approxi- 
mately 7 1/2" x 5" in cross  section, 12 1/4" long and weighs l e s s  than 26 pounds. 
Packaging of the power supply and P M  focused tube within the amplifier housing i s  
shown by the design layout of Figure 14. The amplifier housing serves  a s  the mag- 
netic shield. This modular approach to packaging simplifies parts  construction, 
assembly and testing. The tube and focusing magnet a r e  assembled in a separate 
inner magnet shield for evaluation. After mating with the power supply and tube 
module in the magnetic shield housing, final performance can be optimized. With 
the end caps and waveguide cover assembled, the unit becomes a complete, self 
contained packagefree from further adjustment. Panel hardware includes power 
connection, R F  input and output waveguide connections using UG-599/4 flanges 
and a line fuse. 
TABLE II 
S u n ~ m a r y  of Design P a r a m e t e r s  
WJ-393-6 
18 .0  - 26.5  GHz 
Circui t  Voltage 
Beam Current  
Cathode Diameter  ( O D ~ D )  
Cathode Cur ren t  Density 
Type of Cathode 
Type of Electroil Beam 
Type of Elect ron Gun 
Mean Circuit  Diamete r  
Ci rcu i t  T P I  
Circui t  Wire  Diamete r  
Active Circui t  Lengtll 
p, Maximuin 
Ita, Maxilnum 
D L F  
P M  Field:  Peak  
Nominal 
900 Volts 
350 pA 
0. 022/0.016 Inch 
290 r n ~ / c m ~  
Oxide 
Hollow 
5 Anode, Low-Noise 
0. 040 Inch 
130 
0.003 Inch 
4 .2  111~11 
4.66 
0 .28 
>o. 95 
1300 G a u s s  
700 G a u s s  
I W A T K I N S  J O H N S O N  C O M P A N Y  
e l e c t r - o n  d e v ~ c e s  
e l e c t r o n i c  s y s t e m s  
FINAL DATA SHEET 
LOIS'-NOISE TWT AMPLIFIER 
The d:ltn a s  recorded below is the result  of t es t s  performed by our tes t  department just p r ior  to  
shipment of this tube, and is provided a s  a special  service to  our customers .  
Tiil,c Type Wd- 338 Serial No. 31 
SITPEIISEDES ALL PREVIOIJS DATA 
T u b e  Requirements 
(1) N . F .  is as read on a standard HP 
340 B N.F. meter u t i l i z i n g  a 
standard A I L  0 7 0 9 6  n o i s e  source. 
Input Voltage : 115 V ac  ( 2 )  U t i l i z i s s  a MA 1-100 A-IBE balanced 
Input Current:  2 2 6  mA mixer (specification limits 
Input Power : 20.4 Watts 
Tested by:  R e  B e  Merrikt Date: 
3333 H il lv iew Avenue Stanford 'Indiistr ial Park  Palo Alici, California DAvenljort 6 -6830 
Fig. 8 - Final  Data Sheet of the WJ-338 s/N 31. This unit meets  the specification requirement  
with the exception of noise figure. 
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WJ-466C 
I 
W A T K I N ~  a J O H N S O N  c e o p P A w v  
I e l e c t r o n  devices 
e l e c t r o o ~ c  s y s t e m s  
FINAL DATA SHEET 
LO'IV-NOISE TWT AhlPLIFIER 
The d:lt:l :is I-ecorded below is the result of tes ts  performed by our tes t  department just prior to  
shipment of this tube, and is provitled a s  a special service to our customers .  
Serial No. SO 
Tube Requirements 
(1) N . F .  is as read on a standrrd 
11.P. 340B N . F .  meter u t i l i z i n g  
a standard A I L  0 7 0 9 6  Noise 
Source. 
( 2 )  Utilizdss a MA 1-100 A-IRE 
balanced mixer (specif feat ion 
limits 26-38,56 GHz) 
25.0 
Tested by: W ,  Merrftt  Bate: 1 9  November I968  
3333 Hillview Avenue Stanford Industrial Park Palo Alto, Califcrnia DAvenport 6-8830 
Fig. 9 - Final Data Sheet f o r  the WJ-338 S/N 50. This unit meets  a l l  of the NASA specification 
requirei~ients .  
- 15 - 
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Figures 15  and 16 show the inner details of the amplifier 
Since the input and output R F  couplers use rigid fixed length waveguide, special 
provision is made for o p t i n ~ ~ l m  adjustment of the focusing magnet relative to the 
TWT. The TWT has a fixed physical relationship relative to the waveguide 
flanges, which in turn i s  fixed relative to the housing and end cap. This requi res  
the magnet to have axial a s  well a s  rotational freeclom relative to the TWT (and 
therefore the housing). This is accomplished by the magnet configuration shown 
in Figures 17 and 18. Two close fitting cylinders a r e  utilized to provide the 
axial and rotational freedom, with the magnet potted within the inner cylinder,  
and the outer cylinder potted within the inner ~nagnet ic  shield. Slots in the inner 
and outer cylinder provide for lockdown with three fasteners .  
A hybrid Alnico 9/V-7 permanent magnet i s  used to provide an  axial field of 
700 gauss with a peak field of 1100 gauss a t  the cathode. Theunshielded magnet 
configuration i s  shown in Figure 19 which also shows the field straightener and 
coupler assemblies .  With a field straightener made of molybdenum permalloy 
r ings,  the peak t ransverse  magnetic field is kept below 1 . 5  gauss .  Because of 
the relative s ize  of WJ-338 TWT helix and beam, extremely low value t ransverse  
magnet field and good axial alignment i s  required. 
Figure 20 shows details of the coupler assembly. Silver lined, bronze WR 28 
waveguide i s  used a s  a low loss  tansmission line. The match to the helix i s  
made using a waveguide taper followed by a 90' E plane bend and coupling 
cavity. Typical VSWR i s  l e s s  than 1. 5 : l  over the ent i re  Ka-band range (26. 5 to 
40. 0 GHz). 
In the foreground of Figure 20 i s  shown the WJ-338 tube envelope. Mechanical 
design and construction methods a r e  s imi la r  to lower lrequency tubes built a t  
Watkins-Johnson Company. Electron gun and circuit  support techniques a r e  
reasonably standard. The copper plated and polished helix is supported in fluted 
glass  which i s  softened and pressed between each turn. This circuit  support is 
rugged a s  well as lightly loaded. This feature helps to minimize noise figure 
and maximize gain per  unit length. Figure 21 i s  a sketch of the cross-section 
of this type of c ircui t  assembly. 
The solid electron beam i s  generated using a 5 anode low-noise gun with a n  
oxide coated cathode. A . 0165 inch diameter  beam a t  the cathode i s  allowed to 
Fig. 15 - Photograph of the interior detail of the WJ-338 amplifier as viewed from the front showing the TWT/magnet 
module on the left and the solid-state power supply on the right. 

Fig. 1 7  - Focusing magnet assembly. The permanent magnet i s  encapsulated within the cylinder 
shown on the left which fits closely within a similar cylinder encapsulated within the inner magnetic 
shield. This method allows the needed axial and rotational adjustments. 
Fig. 1 8  - Focusing magnet assembly of Fig. 1 7  shown assembled. After adjustment of the magnet for 
optimum performance, the inner cylinder i s  locked down using three fasteners through the axial and 
circumferential slots in the cylinder. 


Plated 
Low Loss Sharply 
Fluted Glass 
I-- Helix Thermally-Set 
Fig. 21 - Fluted glass provides a simple, effective and rugged low loss support for the 
helical circuit. This approach adds reiiability to the circuits for the millimeter 
amplifiers. 
expand to a . 021 inch diameter in the helix region by reducing the magnetic field 
of 1100 gauss  at the cathode to 700 gauss along the helix. With a mean helix 
diameter of . 030 inch, the beam to niean helix rat io  i s  estimated to be 0. 7. 
3. Summary of TWT Design Parameters .  Table I11 shows a detailed summary  of the 
important design parameters  of the WJ-338 TWT. 
4. Power Supply Requirements. The power supply for the WJ-338 amplifier,  shown 
in Figure 22 ,  is of the dc to dc converter type which uses  all solid-state circuits.  
Power requirements when mated with the TWT a r e  l e s s  than 23 watts single phase 
115 k10 V a c ,  48 to 420 Hz. The unit i s  11 inches long by 4 112 inches by 2 5/8 
inches cross-section and weighs l e s s  than 6 pounds. 
Table IV l i s t s  the major specified requirements of the WJ-338 power supply. 
V- Band Amplifier 
1. Design Information. Insufficient funds prevented the completion and delivery of 
a low-noise amplifier covering the 40 to 75 GHz range ,designated the WJ-449. 
However computer design analysis was made on a 40 to 75 GHz tube ear ly  in the 
program and on a re-optimized 40 to 60 GHz t~ tbe  a t  a la te r  stage of the program. 
Sonie hardware was fabricated, cold test  and beam transmission data taken. 
A match of l e s s  than 2. 0:1 was achieved over the 40 to 73 GHz range using ridged 
guide and beani t ransmission grea te r  than 70 percent was realized with a . 010 
inch d iameter ,  500 panzp beani through a 0. 016 inch diameter helix. 
Figure 23 shows several curves ,  plotted from the initial computer run with circui t  
voltages around 2100 volts. It is  apparent that the gain variation with frequency 
i s  excessive and that design revisions a r e  necessary.  Figure 24 shows another 
s e r i e s  of computer curves with considerable iniproven~ent in gain flatness with 
a circui t  voltage of 3810 volts and reasonable circui t  and beam parameters .  
Figure 25 is another s e t  of computer curves for a re-optimized tube over the 
40 to 60 GHz range. A 3610 volt c i rcui t  appears to be a reasonable conipromise 
between gain flatness and practical c i rcui t  and beam dimensions. Table V is a 
sunlnlary of the design parameters  for the two curves of Figure 25. 

TABLE III 
S u l ~ l m a r y  of Design P a r a m e t e r s  
WJ-338 
26.5  - 40.0 GHz 
Circui t  Voltage 
Beam Cur ren t  
Cathode Diamete r  
Cathode Cur ren t  Density 
Type of Cathode 
Type of Elect ron Beam 
Type of Elect ron G L ~ I  
Mean Circui t  Diameter  
Ci rcu i t  T P I  
Circui t  Wire  Diameter  
Active Circui t  Lengtll 
ya, Maximum 
k a ,  Maximum 
D L F  
P M  Field:  Peals 
Nominal 
2500 Volts 
480 pA 
0.0165 k c h  
350 r n ~ / c m ~  
Oxide Coated 
Solid 
5 Anode, Low-Noise 
0.030 h c h  
104 
0. 0035 Inch 
4. 2 111~11 
3 . 2  
0.32 
0.95 
1100 Gauss  
700 G a u s s  
Frequency - GHz 
F )  - 
Fig. 23 - A Program was devised for  computer analysis on the anticipated small  signal 
gain for the 40-75 GHz prototype design. The results  presented above indicate 
design revisions a r e  necessary to flatten the gain, 
TABLE IV 
WJ-338 Power  Supply Requirements 
Maximum Helix Voltage 2650 Volts 
Maximum Collector Voltage 3000 Volts 
Mininiunl Cathode Current  Capability 1. 0 niA 
Number of Adj~ l s tab le  Ailode Voltages 6 
Helix Regulatiolz: Line (103 - 132 V a c )  0.02% 
Load (10 - 100 PA) 1.- 0% 
T e m p e r a t u r e  (-54' C to 4-85' C Relative to  25' C) *I. 0% 
160 liiV Peak-to-Peak Helix Ripple 

I = 0.6 mA; Jo = .98 A/cm2 
a = 0.55 Solid 
verage Circuit  Dia.=Q.02OW 
i r e  Diameter = 0.003 
agnetic Field = 850 Gauss 
Frequency - GHz 
Fig. 25 - Computer calculated smal l  signal gain character is t ic  for  a re-optimized narrower frequency range TQWT. 
TABLE V 
Summary of Design P a r a m e t e r s  fo r  40 - 60 GHz TWA 
P a r a m e t e r  Design A 
Helix Voltage (Volts) 2960 
Cathode Cur ren t  (mA) 0.6 
Cur r en t  Density ( ~ / c m ~ )  0.98 
Meail Helix Diameter  (Inch) 0.020 
Helix T P I  143 
Wi re  Size (Inch) 0.0035 
Active Helix Length (Inch) 4.36 
'P 2.97 
ka 0.32 
b/a 0.55 
Design B 
3610 
0.6 
0.98 
0.020 
130 
0.0035 
4.36 
2 .7  
0.32 
0.55 
2. Mechanical. Figxre 26 compares the three tube types constructed on this program. 
The basic constructiontechniques a r e  s imi la r  in al l  the tubes even though the dia- 
meters  and lengths of the internal s t ructure a r e  al tered significantly with frequency. 
The coupler assenibly not shown i s  very s imi la r  to the WJ-338 coupler shown in 
Figure 20,  although smaller,  with the waveguide extending the length of the TWT 
circuit .  
No R F  data was acquired on this program nor was any package design con~pleted.  

SECTION I11 
SOME DESIGN CONSIDERATIONS 
The discussion which follows details the design considerations necessary t o  niake 
practical long life low-noise, traveling-wave tube amplifiers in K-band and higher 
frequencies.  
1. Extension of Established Techniques into the Millinieter Wavelength Regions. 
There a r e  significant economic advantages in utilizing standard techniques where 
feasible,  a s  well a s ,  high reliability in working with proven concepts. The rel i -  
ability level can be maintained with good design practices in several  key a reas .  
For  example, cathode cur ren t  density,  operating vacuum, sub-assenilsly support 
and fabrication. 
2.  Minimize Fabrication Problems by Maximizing Circuit  and Cathode Diameter.  
Within the vacuum envelope, electron guns and circui t  support techniques a r e  
standard. These tubes support the helix in fluted g lass  which i s  softelled and 
pressed between each turn. The circui t  support i s  rugged (no niicrophonics a r e  
possible f rom helix movement) a s  well a s  lightly loaded. The loading factor  of 
the glass  (termed dielectric loading factor ,  o r  simply DLF) i s  above . 95. This 
means that the g lass  slows the microwave signal on the helix by only 5 percent. 
Therefore,  a lmost  all  the applied energy i s  available for coupling to the electron 
beam. This feature helps to mininiize noise-figure and niaxiniize gain per unit 
length. 
Experience dictates that the circui t  diameter be a s  la rge  a s  feasible in light of 
fabrication, power dissipation and focusing considerations. The design approach 
I 
thereIore is to maximize the normalized parameter  known a s  (y) . 
"ya" i s  2 7~ t imes  the rat io  of c ircui t  diameter-to-circuit wavelength rat io  and f 
Ya is the operating frequency. Maxiniizing (-) in turn maximizes the c i rcu i t  
€ 
dianieter with respec t  to i ts  voltage, thus providing a large-circuit ,  low-voltage 
design. Excellent coupling to the electron beam is  available a t  y a l s  of 4. 5 to 5. 0 
at  hollow beam-to-helix rat ios  of approximately 0. 7. Thus, the I<, and Ka-band 
designs utilize relatively la rge  clianieter c i rcu i t s ,  and hence, cathodes. 
In addition, a uni-directional magnetic field provides the lowest noise figure, 
particularly when using hollow o r  quasi-hollow electron beams. 
3. Backward-Wave Oscillation Places a Maximum Limit on Circuit Diameter. 
The tubes discussed in this report  utilize uni-directional magnetic fields with 
circuits a s  large a s  proper design will allow. One design limitation in millimeter 
tubes is  backward-wave oscillation. If the design i s  such that it  can occur,  then 
the amplifier could become a higher frequency (backward-wave) oscillator. Basi- 
cally, these oscillations occur a t  frequencies such that the normalized factor 
called "ka" (circuit circumference divided by the operating wavelength) is  approxi- 
mately one-half. This occurs when the circuit circumference i s  equal to one-half 
the oscillating wavelength. Coupling to this backward wave mode requires lia> > 1/3, 
adequate starting current ,  circuit length, with beam extremely close to the circuit. 
The tendency to backward-wave oscillate then places a maximum limitation on 
circuit diameter. 
At K-band, the WJ-393 uses a y a  = 4.5 a t  26 GHz with ka = .28 ,  with no limitation 
caused by coupling to the backward-wave mode. However, the Ka and V-band 
designs will be somewhat restricted to avoid BW oscillations. Design for ka< 1/3 
limits the circuit diameter to a value equal to the operating wavelength divided by 
2 .  In te rms of frequency, the mean circuit diameter,  in inches, must be kept 
below 1.2511 where frequency is  in gigahertz (GHz). At 40 GHz, the limiting mean 
circuit diameter,  according to the above definition, is  31.2 mils (thousandths of an 
inch) and 16. 7 mils a t  75 GHz. However, the effective coupling to the beam a r e  
somewhat reduced at the higher frequencies s o  these factors a r e  conservative by 
approximately 20 percent. 
4. Circuit Loss 
Circuit loss has considerable effect on traveling-wave tube noise figure. Normally, 
copper or s i lver  plating to several  skin depths provides adequate performance. 
There exists a disturbing effect which no longer is  negligible in circuits above 
X-band. The picture-type name applied i s  the "alligator" effect. Actually, i t  i s  
a cracking o r  migration of the plating a s  a consequence of heat applied after plating. 
It i s  normally not noted in "50-power" assembly microscopes, but i s  plainly evident 
a s  viewed in a metallurgical microscope, for example. These cracks ,  approxi- 
mately .0002 inch across ,  increase the surface roughness, and becoming an ap- 
preciable fraction of the skin-depth, r a i se  the helix loss considerably a t  Ka-band 
and higher frequencies. For the millimeter traveling-wave tube development, 
circuit loss reduction dictates mininiization of this effect. Among the approaches 
used a r e  the utilization of helix wire with expansion characteristics s imilar  to 
copper and the build up of plating in successively thin layers with sintering after 
each operation. 
In summary, the lowest attainable noise Iigure in the millimeter region i s  
achieved with the utilization of lower frequency fabrication techniques where 
feasible, maximizing circuit and cathode diameters within the limitations imposed 
by backward-wave oscillation conditions and the niininiization of circuit loss by 
careful plating techniques. 
Our experience indicates that optimum performance is  produced with a hollow 
beam focused in a uni-directional magnetic field. 
SECTION IV 
ENGINEERING DEVELOPMENT 
K- Band 
Basically the WJ-393 effort involved the improvement of an existing K-band ampli- 
fier design from a guaranteed noise figure maximum of 13 dB to a guaranteed noise 
figure maximum of 11 dB. This was achieved by improvement in the magnetic field 
stack; e. g. , reduction in the transverse field components and more uniformity of 
field over its length. In addition, application of the carbonate coating on the cathode 
was improved to provide more uniform emission over i ts  surface. 
This effort culminated in the delivery of two (2) WJ-393-6 amplifiers during the six 
month of the program. 
A considerable portion of the developmental effort was concentrated on the WJ-338, 
the Ka-band amplifier. In contrast to the WJ-393 no working amplifier had been 
designed past the paper stage so that a good deal of the fabrication effort had to be 
initiated. In addition, the relative small s ize of the beam and circuit contributed to 
more  than usual construction, alignment and focusing problems which had to be re- 
solved by introduction of improved assembly techniques a s  well a s  modification of 
fixtures and tooling. These early problems which were corrected hampered our 
ability to proceed with the optimization of RF  performance within the time interval 
anticipated. 
One of the early tubes fabricated on this program, S/N 4 provided encouraging R F  
performance although it reflected an impractical design due to a high b/a ratio, 
Figure 27 shows a plot of this data and indicates a minimum noise figure of 11.4 dB. 
High frequency performance i s  improved significantly a s  the electron beam i s  allowed 
to stream closer to the helix. Unfortunately, beam focusing becomes difficult due to 
the increased susceptibility to electron gun misalignment, misalignment of the tube in 
the magnet, lens effects of the gun electrodes, and variations in magnetic field 
strength (axial and transverse).  These conditions make it very difficult to obtain 
consistent results a t  the level of performance required. 
Frequency - GHz 
WJ-388 Serial No. 4 
Conditions : 
Fig. 27 - R F  performance of the WJ-338 s/N 4. 
- 4 3  - 
Thus, while the design of tube S/N 4 has the advantage of operating a t  lower voltages 
and beam current ,  and can utilize an oxide coated cathode, it i s  considered impracti- 
cal from the overall requirements of the amplifier. 
Computer analyses were made on a number of helix designs to evaluate their relative 
meri ts .  Correlation between computer runs and equivalent experimental data was 
good. A new circuit design was generated based on these results  reflecting a more 
practical s e t  of parameters a t  a lower b/a ratio and a higher circuit voltage. Figure 
28 compares the computer results  with s/N 14 which had the redesigned circuit. 
Figure 29 shows noise figure and gain on S/N 14. Although the R F  performance was 
good, noise figure was very sensitive t o  position in the magnet. 
F'uther modifications were required in the low noise gun to reduce lens effects of the 
anodes and the potential gradient between cathode and helix. With al l  constraints 
imposed, a gun length increase of . 200  inches o r  a total length of 0. 700 inches . 
resulted. 
Another problem associated with this development program was a performance in- 
stability which was attributed to the accumulation of s t ray  charges on the glass helix 
barrel .  This condition i s  caused by interception of s t ray  electrons on the glass 
between helix turns. The charge will accumulate until a sufficient potential i s  reached 
to discharge to the adjacent helix. Gain and noise figure a r e  affected in a periodic 
manner due to the spontaneous deflection of the beam as  the charge accumulates and 
discharges. In most cases where this phenomenon is  observed, the period of the 
charge/discharge cycle i s  a few seconds o r  a few minutes. However, in this case 
the period was found to be several  hours. It was because of the long period of the 
cycle that the cause of the variation in performance was difficult to isolate, ear l ie r  
in the program. 
Any condition which exposes more glass area  to the beam or  deflects the beam to an 
exposed glass surface increases the chances s t ray  electrons will accumulate on the 
glass. Modifications were made to the electron gun and additional fabrication and 
inspection methods were used to reduce the chances of glass charging 
on future tubes. 
Finally the interface problems between the tube and power supply have to be resolved. 
Magnetic fields and shielding effected the performance of tube and power supply alike. 


Figure 30 represents the typical R F  performance obtained with the WJ-338 when all 
the above mentioned modifications were made. Maxinlum noise figure was below 
13 .  5 dB across the band with niininium small signal gain greater  than 26 dB. 
This effort was completed with the delivery of two WJ-338 amplifiers meeting the 
performance requirements a s  indicated ear l ie r  in the report. 
Finances and lack of time prevented us  from completing this portion of the program. 
As was mentioned in Section 111, Computer Analysis, cold testing and some beam 
transmission tests  were performed. The program was modified to allow for more 
practical objectives to be met. Although a complete tube was built and some pre- 
liminary transniission data taken, emission and focusing difficulties developed with 
the tube. Futher work was curtailed a t  this point. 

SECTION V 
CONCLUSIONS AND RECOMMENDATIONS 
The developnlent and fabrication of state-of-the-art low noise amplifiers in  K- and 
Ka-band have been demonstrated to be both feasible and practical. Increased power 
levels to +10 dBm and higher and small  signal gain ahove 25 dB combined with maxi- 
mum noise f igures  of 11 dB in K-band and 14 dB  in Ka-band provide amplifiers with 
substantially improved dynamic range. In addition, the effort to develop a V-band 
low noise amplifier f rom 40 to 70 GHz, although limited in  accomplishment, c lear ly 
indicates that the capability and techniques a r e  presently available to complete the 
development of a practical device. 
The following a r e  made: 
1. The present capability and technique know-how should be furthered in o r d e r  to 
complete practical V-band device covering ei ther  the range from 40 to 60 GHz 
o r  40 to 75 GHz. 
2. To investigate overall  s ize and weight reduction of the amplifier packages with 
l i t t le o r  no degradation in tube performance. This i s  particularly t rue  for the 
26 pound, Ka-band package where present  s ize  and weight might l imit  i ts  potential 
usefulness for many applications. 
